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 Introduction 
 This study presents a framework for validation of bone 
age (BA) methods. The motivation for setting up this 
framework is that there are several ‘competing’ BA meth-
ods which are each defined within their own particular 
paradigm. The most common BA methods are the man-
ual Tanner-Whitehouse (TW) method  [1] and the manu-
al Greulich-Pyle (GP) method  [2] , and recently the com-
pletely automated BoneXpert method was introduced
 [3, 4] . These methods work by different principles and 
they each have their merits. For instance the TW method 
compels the reader to consider 13 bones separately and 
employs a standardized way of combining information 
from the bones; the GP method is fast, easy and intuitive, 
and the BoneXpert method is time-saving and eliminates 
the rater variability.
 The fact that automated ratings are objective does not 
necessarily mean that their BA values are more clinically 
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 Abstract 
 Aim: Several bone age (BA) methods are in use today. The 
aim of this study was to introduce a framework for assessing 
the validity of a BA method by its ability to predict adult 
height  (H) and to apply it to manual ratings based on Greu-
lich-Pyle (GP) and Tanner-Whitehouse 3 (TW) and to the ful-
ly automated BoneXpert method.  Material: The study used 
X-rays of 232 children from the First Zurich Longitudinal 
Study recorded close to each anniversary.  Method: For each 
height measurement  (h) , we calculated the growth potential 
( gp) , defined as  gp =  (H  –  h) / H . The standard deviation of the 
 gp prediction error for children of the same age was taken as 
a measure of the validity of the BA method and averaged 
over the age range 10–18 years for boys and 8–16 years for 
girls to obtain the overall  gp prediction error (GPPE).  Results: 
Manual TW yielded GPPE = 1.32% [95% CI 1.28–1.36], and was 
significantly outperformed by manual GP with GPPE = 1.26% 
[1.22–1.30]. The automated rating obtained GPPE = 1.23%, 
and omitting radius and ulna yielded GPPE = 1.22%.  Conclu-
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relevant than manual ratings. The inner workings of 
BoneXpert is a sophisticated mathematical model that 
analyses the image in a presumably very different way 
than the human mind, and one could fear that, for all 
their reproducibility, automated ratings might not reflect 
the ‘true BA’, but rather some slightly different property 
of the X-ray.
 The problem is that there is no direct way to determine 
the ‘true BA’, no golden standard. We cannot dissect the 
bones to find out how mature they are. Instead BA is 
loosely defined as the age at which a similar Gestalt of the 
radiograph is observed in healthy children. The word Ge-
stalt alludes to a kind of holistic or intuitive judgment of 
the appearance of the bones. Humans are remarkably fast 
at making judgments of Gestalts, but there always re-
mains an element of subjectivity. The various manual BA 
rating methods attempt to eliminate this rater variability 
by specifying certain maturity indicators, and by train-
ing of the raters, but this can never be completely accom-
plished. As a result, if a set of hand X-rays is ordered ac-
cording to maturity by the TW BA system and by the GP 
BA system, these orderings will in general be different, 
and it seems difficult – or even meaningless – to decide 
which is the most valid.
 This work proposes to use a BA method’s ability to pre-
dict adult height as a measure of its validity, i.e. a complete-
ly objective validation framework. The prediction of adult 
height is one of the most common applications of BA as-
sessments, used for instance as an element in the diagnosis 
of short or tall stature. Admittedly, adult height cannot be 
predicted exactly from age, BA and current height, and 
there are also other important applications of BA, so this 
validation framework is not entirely sufficient, but its sim-
plicity and objectivity makes it scientifically interesting.
 Methods 
 The Heritage of Bayley and Pinneau 
 The proposed framework is rooted in the work of Bayley and 
Pinneau  [5] , who made retrospective studies of healthy children 
of known BA, height  (h) and adult height  (H) . They divided their 
observations into groups of the same sex and chronological age 
(CA), and on computing the percentage of mature height (PMH) 
that each child had attained as
 PMH = 100  h/H ,
 they found a correlation (Pearson’s   ) between PMH and BA of for 
instance 0.86, implying that BA accounted for 0.86 2 = 74% of the 
variation of PMH, and they concluded that BA was an important 
predictor of adult height. They proceeded to construct tables of 
PMH predictions based on BA and CA, as follows: 
 H pred =  h ! 100/PMH
 Unfortunately they produced only one-way tables of PMH ver-
sus BA. It would have been more accurate to produce two-way 
tables of PMH versus any pair of (BA, CA). Instead they divided 
the cases into three groups according to BA – CA, i.e. BA more 
than 1 year retarded, normal BA and BA more than 1 year ad-
vanced, with corresponding one-way tables. This is perhaps the 
most serious limitation of their work.
 The Validation Framework 
 In this work we considered instead of PMH an equivalent 
quantity, referred to as the  growth potential :
 gp = ( H –  h )/ H 
 The correlations of BA to  gp and PMH are exactly the same, 
since  gp is the ‘mirror image’ of PMH:  gp = 1 – PMH/100.
 While Bayley and Pinneau wanted to predict adult height, our 
aim was to validate a BA method. We defined a valid BA method 
as one that gave an accurate prediction of  gp . This was quantified 
by the prediction SD of the fit of  gp versus BA for each CA. This 
SD was averaged over a range of CAs to produce an overall, robust 
measure.
 Data 
 The data were the digitized left- and right-hand X-rays of the 
First Zurich Longitudinal Study (1ZLS). The basic properties of 
BoneXpert GP BA have been studied previously  [3, 6, 7] . The age 
range was 2–20 years and the 232 included children were exam-
ined once a year. 94% of all images were taken within 2 weeks and 
99% within 1 month of the respective child’s birthday; in this 
study they were assumed to have been taken exactly on the child’s 
birthday. All children were examined yearly until adult height 
 (H) , defined as the height by which the growth was  ! 0.5 cm over 
the last 2 years.
 Bone Age Methods 
 The following BA methods were validated with the new frame-
work:
 (1)  Manual TW BA: this BA was derived from the original TW 
stage ratings of the left-hand films performed by several expe-
rienced TW raters at the time of the 1ZLS. From the maturity 
stages of the 13 RUS bones (radius, ulna and the short bones 
of rays 1, 3 and 5) a BA was computed (many years later) using 
the TW3 reference  [1] . In the CA interval 10–18 years for boys 
and 8–16 years for girls, 97% of these BA ratings were avail-
able. 
 (2)  Manual GP: this was the original GP BA rating of the left hand 
performed at the time of the 1ZLS. To our knowledge, these 
GP ratings have not been used in any previous publications – 
the researchers in Zurich seem to have preferred the TW rat-
ings. In the CA interval 10–18 years for boys and 8–16 for girls, 
92% of these ratings were present. 
 (3)  BoneXpert GP: this was the automated GP BA rating by
BoneXpert, available for both the left and the right hands. This 
BA is based on the same 13 bones as used in the TW RUS sys-
tem. For both hands, 95% of the ratings were present in the age 
intervals 10–18 years for boys and 8–16 for girls. These ratings 
have also been studied by Martin et al.  [8] . 
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 (4)  BoneXpert GPshort: this was BoneXpert’s GP BA rating of the 
left and the right hand excluding radius and ulna, i.e. using 
only the 11 short bones in rays 1, 3 and 5. This variant was 
studied to assess the relevance of including the wrist in the BA 
rating. 
 Results 
 Figures 1–3 show the growth potential  gp versus the 
manual TW3, manual GP and automated GP BA at three 
selected CAs, 10, 13 and 16 years, which represent chil-
dren before, and in early and late puberty.
 At 13 years, the correlation between  gp and GP BA was 
0.82 for boys and 0.85 for girls. However, the relation be-
tween  gp and BA was in general non-linear, so the (linear) 
correlation is not a faithful representation of the degree 
of relationship between the two quantities. Therefore, the 
relation was modeled by a second-order polynomial, i.e. 
a parabola was fitted to each plot. This can be seen to be 
an acceptable approximation in  figures 1–3 . The SD of 
the fit is indicated in each plot.
 The analysis was done at all integer ages from 5 to 19, 
and the SD errors for the  gp predictions at these ages are 
shown in  figure 4 . It is seen that GP yielded lower errors 
than TW3, except for girls aged 9–12 years. The automat-
ed method outperformed the manual methods in girls 
but not in boys.
 To form an overall performance value, the errors were 
averaged over the CA intervals 10–18 years for boys and 
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 Fig. 1. Growth potential versus manual GP 
(top), manual TW3 (middle) or BoneXpert 
(bottom) BA in boys (left) and girls (right) 
at the CA of 10 years. Explanation: 10-year 
old girls with BA 8 years had approx. 18% 
of their adult height left to grow, while 
those with BA 11 years had only approx. 
12% left. 
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8–16 years for girls. This average SD, termed growth po-
tential prediction error (GPPE), is presented for all five 
BA methods in  table 1 for boys and girls separately, as 
well as averaged over the two sexes.
 For the automated method, the analyses were made 
twice: once on the left hand and once on the right-hand 
X-rays. The results were very similar, i.e. the left and the 
right hand were equally good at predicting adult height. 
 Table 1 lists the average of the SDs obtained in the two 
hands.
 The GPPE values for the two sexes combined are based 
on 1,914 images for GP BA and 2,013 images for TW BA, 
yielding the 95% confidence intervals in  table 1 . Manual 
GP was significantly better than manual TW3 (p  ! 0.05). 
BoneXpert GP and BoneXpert GPshort performed virtu-
ally the same, and both were better than manual GP, al-
though not significantly better.
 We have tried to use a third-order polynomial to fit all 
the  gp curves. This reduced the GPPEs of the method by 
0.02 or 0.03, but did not change the relative merit of the 
Table 1. GPPE for four different BA methods
BA system Boys Girls Both sexes
Manual TW3 1.30 1.33 1.32 [1.28; 1.36] 95%
Manual GP 1.20 1.33 1.26 [1.22; 1.30] 95%
BoneXpert GP 1.29 1.16 1.23 [1.19; 1.27] 95%
BoneXpert GPshort 1.28 1.16 1.22 [1.18; 1.26] 95%
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 Fig. 2. Growth potential versus BA at the 
CA of 13 years. Age 13 was close to the 
growth spurt for both boys and girls, hence 
the growth potential depends dramatical-
ly on maturity. For the boys, the GP BA 
described the growth potential much bet-
ter than TW3 BA, which seemed to be 
‘confused’ around 13 years. 
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different methods. In some cases, for instance in boys of 
GP 16 years in  figure 3 , this fit made more sense as it 
avoided the upturn after BA  1 16, but then for several oth-
er cases the extra degree of freedom lead to spurious 
swings, which did not make sense, so a quadratic polyno-
mial was the overall best choice. The intention of these 
fits was not to form a model for height prediction, so these 
few artifacts do not matter.
 Discussion 
 The Framework 
 The reader might wonder why these data were not an-
alyzed in terms of a conventional model for adult height 
prediction, i.e. one that predicts adult height based on 
current CA, BA and height. The reason is that there are 
several different models to choose among  [9–11] . Fur-
thermore, these models depend on the population of sub-
jects used to estimate them, and on the idiosyncrasies of 
the BA rater who provided the BA values for the models. 
One would therefore need to re-estimate these models on 
the 1ZLS data, and to enter into a discussion of the merits 
of different models  [12] .
 The proposed framework is much simpler. It is based 
on the insight that the growth potential  (gp) of children 
of the same age is the essential quantity that we want BA 
to describe. This relation is expected to be different at 
different ages, because there are different phases of 
growth, so each age was analyzed separately in order not 
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 Fig. 3. Growth potential versus BA at the 
CA of 16 years. At age 16 years, the GP and 
BoneXpert BAs described the end of the 
growth potential curve well, while the 
TW3 BA system terminated at 16.5 years 
for boys and at 15 years for girls. 
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to assume any specific model. And the functional rela-
tionship between BA and  gp was not assumed to be lin-
ear. In fact,  figures 1–3 clearly show that it is non-linear 
(incidentally, this points to a problem in the TW Mark 
II  [11] and RWT  [10] methods for adult height predic-
tion, which assumed a linear dependence between final 
height and BA). We decided that a quadratic relation 
was adequate for our purpose (in the Result section we 
mentioned that we have also tried fitting a third-order 
polynomial). Whether we judge the TW method using 
TW2, TW3, or the summed maturity score is unimport-
ant, because these are related exactly by a non-linear 
transformation, which in a small interval of BA is well 
approximated by a second-order polynomial, so such a 
transformation is well accommodated by parabolic fits. 
It is only the BA method’s ability to  order  subjects of a 
given age correctly with respect to growth potential which 
is assessed.
 The residual error of the  gp prediction models comes 
from three sources: (A) inaccuracy of the BA method, in-
cluding rater variability and imperfect relation to the 
‘true’ maturity; (B) measurement errors in height and 
adult height, and finally (C) some error comes from leav-
ing out other factors than BA and age in the modeling of 
the growth potential, for instance body weight, time of 
menarche, and genetic and environmental factors in gen-
eral. It should also be remembered that we are predicting 
the growth of the axial skeleton from the maturity of an-
other part of skeleton, the hand, and these two parts may 
not mature in synchrony.
 The point is that the contributions B and C are com-
mon to all BA methods, so the GPPEs for different BA 
methods are a measure of their accuracy or validity. This 
discussion also shows that BA methods must be com-
pared on the  same study data – different studies might 
yield different contributions from B and C.
 Comparison of Manual TW and GP Ratings 
 The comparison between manual TW and GP rating 
showed that manual GP BA was significantly better. The 
TW ratings were used as a basis for the TW3 formulae for 
height prediction  [1] . Hence, it seems that the errors in the 
TW3 adult height prediction model would have been re-
duced by using the GP BAs instead. To appreciate the size 
of this effect, one could take 3.20 cm as the typical predic-
tion SD error found in Tanner et al.  [1] , and this would 
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between the vertical, dotted lines. 
Co
lo
r v
er
si
on
 a
va
ila
bl
e 
on
lin
e
D
ow
nl
oa
de
d 
by
: 
Un
ive
rs
itä
t Z
ür
ich
,  
E-
M
ed
ie
n 
   
   
   
   
   
   
   
   
 
13
0.
60
.5
8.
2 
- 1
/2
7/
20
20
 1
0:
11
:5
8 
AM
 Validation of Bone Age by Height 
Prediction 
Horm Res Paediatr 2010;74:15–22 21
then be reduced to 3.05 cm with GP BA ratings. As men-
tioned above, this improvement would be significant
(p  ! 0.05).
 The better performance of GP BA mainly stemmed 
from the conspicuous difference for boys at CA = 13 
years, which is clearly seen in  figure 2 : TW3 BA is seen to 
be inaccurate in the BA range 12–13.5 years. This obser-
vation is supported by table 10 of Tanner et al.  [1] , in 
which the residual SD for boys showed a significantly 
larger error at CA = 13 years, corresponding to the peak 
in  figure 4 .
 There were distinct differences in performance be-
tween boys and girls. Manual GP BA was much better 
than TW3 BA in boys, while they performed equally well 
in the girls. This can be explained by the mechanisms of 
the two rating methods: In the TW method the boys and 
girls are rated with the same nine stages that span the 
maturity range, whereas in the GP system there are 31 
plates for the boys and 27 plates for the girls, so the GP 
system is more fine-grained for boys compared to girls, 
which could have led to the observed effect.
 Figure 3 displays an interesting difference between GP 
and TW3 BA. The TW3 BA scale stops at 15 years for 
girls, while the GP method continues up to 18 years. Rat-
ing maturity all the way up to 18 leads to a lower  gp pre-
diction error (0.34 vs. 0.42).
 Comparison with Automated Rating 
 The results for both sexes shown in  table 1 indicated a 
slightly (but not significantly) better performance of 
BoneXpert (GPPE = 1.23) compared with manual GP rat-
ing (GPPE = 1.26). This is evidence that the automated 
method does indeed provide a BA determination which 
is as least as valid as the manual GP rating. Compared to 
manual GP ratings, BoneXpert GP ratings yielded a larg-
er GPPE for boys and a smaller GPPE for girls. This may 
partly be due the above-mentioned fact that manual GP 
rating uses relatively few plates for the girls. This result 
presents a challenge for future versions of BoneXpert, 
which should be able to improve the BA rating of boys in 
particular.
 Excluding the Wrist 
 BoneXpert’s GP BA is formed as the average of the BA 
of the 13 RUS bones, i.e. radius and ulna each contribute 
7.7% of the information. The BoneXpert GPshort BA 
method excludes the wrist (radius and ulna) from the av-
erage, but this hardly changed the GPPE ( table 1 ). This 
shows that one does not need to include the wrist in BA 
rating as far as prediction of adult height is concerned. 
This finding may also shed further light on why TW3 rat-
ing was worse than GP rating: the TW3 method assigns 
an extraordinarily large weight of 40% to the wrist. Avoid-
ing exposure of the wrist in BA X-rays would have the 
benefit of reducing radiation dose.
 In Tanner et al.  [9] it was shown that the carpals con-
tribute no information to prediction of adult height. To 
our knowledge, there have never been any systematic 
studies of the relevance of including the wrist in BA as-
sessment. Tanner always considered radius and ulna to 
be indispensable members of the RUS bones. This seems 
to be based on the intuitive judgement that: (a) one should 
include as many bones as possible to average out uncer-
tainties in the rating of individual bones; (b) radius and 
ulna could be considered to be representative of the long 
bones in the body, in particular the femur, a major con-
tributor to stature, and (c) in the RUS system, there is an 
appealing symmetry that radius, ulna, ray 1, ray 3, and 
ray 5 each have 20% weight.
 There are other problems related to the wrist, because 
the pose of these two bones is more difficult to control, 
and the projection of the three-dimensional bone onto a 
plane under varying angles makes the interpretation dif-
ficult. The ulna is notoriously difficult to rate, manually 
as well as for BoneXpert. The lack of usefulness of the 
wrist found in this study could therefore also to some ex-
tent be due to BoneXpert’s limited ability to analyze these 
bones.
 Routine GP Ratings 
 It is likely that the manual BA ratings in the 1ZLS are 
more precise, i.e. have smaller rater variability than rat-
ings performed in clinical practice, because these images 
were rated as an unblinded  series rather than as indepen-
dent images. Having the previous and following images 
in a series helps the rater to avoid outliers since he/she 
expects BA to progress steadily in healthy children. Pres-
ent members of the Zurich group have confirmed that 
adjustments were made for these ratings to ensure steady 
progression [R. Largo and L. Molinari, pers. commun.]. 
This means that if a routine, clinical rater were to re-rate 
these X-rays in a random, blinded manner, he/she would 
incur larger rater errors and therefore larger GPPE.
BoneXpert always rates images independently of each 
other, ignorant of identity, ethnicity, age, or medical his-
tory. Therefore the relative advantage of BoneXpert rat-
ings observed in this study is likely to be larger in clinical 
practice.
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 Conclusion 
 Different BA rating systems differ from each other by 
SDs of at least 0.5 years, i.e. a 95% confidence interval of 
one type of BA rating relative to another is at least  8 1 
year. While a 1-year difference is certainly clinically rel-
evant, we have hitherto been unable to assess which BA 
method is most valid. Studies have to date merely as-
sessed the precision of various BA methods, i.e. their abil-
ity to obtain the same result when rating anew. By pro-
viding an objective reference based on prediction of adult 
height, the new framework presented here offers a means 
of establishing a golden standard in BA assessment.
In the present study it was shown that the validity of 
 BoneXpert GP BA was significantly better than that of 
manual TW3 BA in the 1ZLS.
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